• ZnO/ethylene glycol/water and TiO 2 /ethylene glycol/water nanofluids were prepared • The heat transfer performance of the prepared nanofluids was studied in a compact heat exchanger • The obtained heat transfer coefficient was compared with base fluids at various temperatures • The effect of nanofluid concentration on heat transfer coefficient was also studied Abstract This paper reports an experimental study on the heat transfer characteristics of a nanofluid consisting of ZnO/water/ethylene glycol (EG) and TiO 2 /water/ /ethylene glycol. In this study, the base fluids of ethylene glycol (EG):water (W) with volume fractions of 30:70, 40:60, and 50:50 were prepared, and 0.2 to 1.0 volume fractions of ZnO and TiO 2 nanofluids were used as a cold side fluid. The prime objective of this study is to identify the effects of nanofluid concentration and three different hot fluid inlet temperatures viz., 55, 65 and 75 °C on the heat transfer enhancement of cold side fluid. The results are compared with base fluids and the percentage increase of the Nusselt number because of nanoparticle addition is noted both experimentally and theoretically. The results showed that at the hot fluid inlet temperature of 75 °C, the increase in the Nusselt number is maximum with volume concentrations of 0.6 and 0.8% for ZnO and TiO 2 nanofluids, respectively. The corresponding maximum Nusselt number enhancements are about 11.5 and 21.4%, respectively, for the base fluid volume fraction of 30:70 (EG:W). There is good agreement between the results calculated from experimental values and the correlation.
savings. The addition of nanofluids to the base fluid is one of the promising techniques used nowadays to enhance the rate of heat transfer. Even though working with nanofluids has started about two decades ago, heat transfer study on plate heat exchanger (compact heat exchanger) using nanofluids is a current trend in heat transfer processes. Compact heat exchangers are widely applied in several industries, including food, chemical, and process, for their high heat transfer efficiency and low volume/surface ratio (compactness) [1, 2] . Hence, using nanofluids [3] the thermal performance of heat exchanger systems could be increased in a way that will save energy as well as our environment [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The nanofluid was noticed to give improved performance over that of convectional heat transfer fluid (oil, ethylene glycol and water) [13, 14] .
An experimental investigation on the convective heat transfer of Al 2 O 3 -water and TiO 2 -water nanofluids in a horizontal circular tube was done by Pak and Cho [15] . They found that the nanofluids Nusselt number increased with enhancement of the Reynolds number and volume fraction of nanoparticles. Haghshenas et al. [16] examined the plate and concentric tube heat exchangers by using ZnO/water nanofluids as the hot stream at a constant mass flow rate, and concluded that the heat transfer coefficients of nanofluids were much higher than those of the distilled water. Duangthongsuk and Wongwises [17] studied the temperature dependency of TiO 2 -water nanofluid in the range of 0.2 to 2 vol.% and temperature range of 15 to 35 °C. Their results revealed that increasing volume fraction and temperature increases thermal conductivity. Nizar Ahammed [18] studied measurement of thermal conductivity of graphene-water nanofluid using a transient hot wire technique at temperatures below and above ambient conditions ranging from 10 to 50 °C. The results showed an enhancement in the thermal conductivity of 37.2% for 0.15% volume concentration of graphene at 50 °C when compared with that of water at the same temperature.
The performance of a plate heat exchanger using nanofluids was studied by Pantzali et al. [19] . Balla et al. [20] performed the numerical study of the enhancement of heat transfer for hybrid copper-based nanofluids flowing in a circular pipe with constant heat flux. Zamzamian et al. [21] investigated the heat transfer performance of Al 2 O 3 /ethylene glycol and CuO/ /ethylene glycol nanofluids in a plate heat exchanger and described that the heat transfer coefficient increased with temperature and vol.% of nanoparticles. The thermal conductivity of SiC particles dispersed in EG/W measured by Xie et al. [22] showed a 22.9% enhancement at a 4% volumetric concentration.
Vajjha et al. [23] [24] with an ethylene glycol-water system at room temperature.
Safi et al. [25] calculated the heat transfer coefficient of multiwalled carbon nanotube-TiO 2 hybrid nanofluid in plate heat exchanger through experiments. Mahian et al. [26] optimized particle loading through first and second law analysis of a mini-channel-based solar collector, using alumina nanofluids.
Yogeswaran et al. [27] observed that the tool wear from milling using the EG-TiO 2 nano-coolant can reduce the heat penetrating into the inserts and hence increase the tool life. The above application has exhibited a large application scope for nanofluids. Abazar and Nader [28] carried out an experiment to investigate the effects of application of alumina nanofluid in enhancing the efficiency of shell and tube heat exchangers while lowering the energy consumption. They reported that alumina nanofluid increased the Nusselt number and by that increased the heat transfer coefficient. Huang et al. [29] experimented with the hybrid nanofluid to obtain a heat transfer coefficient for fluids flow in the chevron plate heat exchanger, in terms of the Nusselt number. Thus, the Nusselt number model was developed as a function of the Reynolds number and the Prandtl number with specific criteria. According to the published articles, it was found that the papers were mainly focused on thermal conductivity measurement of nanofluids. Only limited experimental studies were conducted in describing heat transfer performance of the nanofluids. For the application of nanofluids in heat exchangers, a complete understanding of the heat transfer performance of the nanofluids is necessary. It was identified from the literature that ethylene glycol is a viable heat transfer fluid because of its thermal characteristics, but it was noticed that only limited studies were performed with ethylene glycol as a base fluid. Similarly, TiO 2 nanofluids have showed reasonable enhancement in heat transfer [30] [31] [32] of energy storage, solar collectors, refrigeration and heat pipes, but the investigations on the heat transfer performance in heat exchangers are in great lack. With respect to ZnO nanofluids, it is one of the less explored metal oxides for formulation of nanofluids. This created the motivation for this work on the use of ethylene glycol as a base fluid and TiO 2 , ZnO as a nanofluid.
The objective of the study is to determine the Nusselt number for base fluids (EG/water) and nanofluids (EG/water/ZnO and EG/water/TiO 2 ). The effect of various nanofluid concentrations (0.1-1% volume basis) and the different base fluid concentration (30:70, 40:60, and 50:50 of EG:water) on the heat transfer coefficient was also studied. The results are compared with the base fluid and the percentage increase of the Nusselt number because of nanoparticle addition is noted both experimentally and theoretically. The novelty of the present study is the optimization of particle volume fraction of ZnO and TiO 2 nanofluids based on experimentation in the commercial plate heat exchanger for 0.2-1% volume fractions.
MATERIALS AND METHODS

Experimental setup
The experimental setup consists of a hot water tank (20 L), a cold water tank (15 L), two pumps, two flow meters, four thermocouples, and a corrugated plate heat exchanger (PHE), which is shown in Figure 1 .
The geometric details of PHE are provided in Table. 1. The water is pumped from the hot water tank and its temperature is controlled at approximately 55 °C by means of a heater and the outlet is returned to the drain tank. The ZnO/EG/water nanofluid in the cold water tank is pumped into the plate heat exchanger then it is returned and stored in another drain tank. The inlet and outlet temperatures of hot and cold side fluids were measured. A rotameter was used to measure and control the flow rates. Experiments were repeated for hot fluid temperatures of 65 and 75 °C and nanofluid concentrations of 0.2-1%. The experiment was also performed for the TiO 2 /EG/ /water nanofluid. Experiments with base fluid (EG/ /water) used as cold fluid were carried out first to obtain the heat transfer coefficient of base fluid and the results were compared with the nanofluids.
Nanofluid and base fluid preparation and properties Two kinds of nanoparticles (ZnO -100 nm and TiO 2 -100 nm) were prepared for the present study. The proposed nanofluid concentrations (0.1-1 vol.% of ZnO and TiO 2 ) were prepared by the amount calculated by Eqs. (1) and (2) . The diluted nanofluid was mechanically stirred for 30 min, followed by ultrasonic vibration for 4 h:
These nanofluids were found to be stable in the temperature range of 55-75 °C, evident from visual observation in the range of concentrations, where there are no particle-particle interactions. The nanofluids were suspended in three different ratios of EG:water which are 30:70, 40:60 and 50:50 by volume percentage and used in the study.
Correlations used for the calculation of physical properties of nanofluids
After conducting experiments according to the proposed concentrations, the thermophysical properties of nanofluids were calculated from the correlations [33] [34] [35] [36] [37] [38] [39] given in Eqs. (3)- (6) .
To evaluate the density (ρ) of nanofluids, Pak and Cho's equation is used as given below:
The specific heat capacity (C p ) of nanofluids was calculated by Xuan and Roetzel's equation as follows:
Einstein's equation can be used to determine the viscosity of nanofluids including spherical particles in less than 5% volume concentrations:
To determine the thermal conductivity of nanofluids, the Maxwell model is used as follows:
For all the calculations, the fluid properties are evaluated at bulk mean temperatures of hot and cold fluids. The summary of thermophysical properties of base fluid and nanofluids are shown in Table 2 . Similarly, the experimental temperature results are shown in Table 3 .
Data analysis
In a plate heat exchanger, the overall heat transfer coefficient (U) can be calculated from the following equation: 
where h h is the convective heat transfer coefficient of the hot fluid and h c is the convective heat transfer coefficient of the nanofluid. Δx is the thickness of the heat exchanger plate; k m is the thermal conductivity of plate material (stainless steel). The overall heat transfer coefficient can also be calculated from:
where heat transfer flux (Q), heat transfer area of the plate heat exchanger (A), and logarithmic mean temperature difference (LMTD) can be calculated from the following equations:
A = NLW (10)
where T h,in , T h,out , T c,in and T c,out are hot flow and cold flow temperatures at the inlet and outlet of the heat exchanger, respectively. Due to fixed geometrical parameters and material of PHE, the metal wall resistance (Δx/k m ), is to be considered as constant. Also, because of fixed flow rate and negligible changes of hot fluid mean temperature at different hot fluid flow rates, hot fluid thermal resistance (1/h h ) almost remains constant. Therefore, the overall heat transfer coefficient is only a function of the cold fluid heat transfer coefficient. In case of very small changes in the bulk mean temperature of fluid at various flow rates, the physical properties can be considered as constant and Eq. (7) can be rewritten as follows:
where m and C are constants, u is the velocity of the cold fluid, and the value of α depends on the flow regime. The value of α is found to be around 0.67, since the experiments are done under a turbulent flow regime [40, 41] .
h nf could be obtained from the intercept of the plot of 1/U versus 1/u α . Then, the value of Nu can be determined experimentally as follows:
where h is the convective heat transfer coefficient of nanofluid obtained from Eq. (12) .
The following procedure is adopted for determining the Nusselt number theoretically by using the following correlations [42, 43] : Nu = 0.37Re 0.67 Pr 0.33 (14) The Reynolds number of the cold fluid can be calculated based on channel mass velocity and hydraulic diameter of the channel as given below [44, 45] : where, D H is the hydraulic diameter.
The channel mass velocity of nanofluid (G nf ) is given by:
The Prandtl number is calculated based on the following equation:
Eqs. (7)- (13) were used for calculating the experimental Nusselt number for base fluid as well as nanofluid, and Eqs. (14)- (17) were used for the theoretical Nusselt number for base fluid and nanofluid.
Percent enhancement of the Nusselt number (Nu) is calculated experimentally and theoretically using the following formula:
Experimental results were compared with the theoretical results obtained from the correlations.
RESULTS AND DISCUSSION
Effect of ZnO nanofluid concentration and hot fluid inlet temperature on heat transfer enhancement in terms of the Nusselt number By varying the nanofluid volume fractions from 0.2 to 1.0%, the experiment was conducted and the variations on the heat transfer coefficient were studied at three different hot fluid inlet temperatures, viz., 55, 65 and 75 °C. Figure 3 shows the heat transfer performance of ZnO/EG/water at the hot fluid inlet temperature of 55 °C. It is observed that the percentage increase of the Nusselt number at these temperatures is 3.9, 5.8 and 8.8 for the base fluid concentrations of 50:50, 40:60 and 30:70, EG:water, respectively, at the nanofluid volume fraction of 0.6.
By increasing the hot fluid temperature to 65 °C, the maximum enhancements of the Nusselt number are 5.1, 7.5 and 9.5, respectively, for 50, 40 and 30% EG with 0.6% nanofluid concentration and the graph is shown in Figure 4 . Figure 5 depicts results for the hot fluid inlet temperature of 75 °C, and the results for base fluid concentrations of 30, 40 and 50% EG are 11.5, 9.6 and 7.2% increase in the Nusselt number.
It was noticed from the study that ZnO/EG/water nanofluids give linear increase in the cold fluid heat transfer coefficient up to a certain level, then decrease with a further increase in the volume fraction of nanoparticles. Hence, there exists a best possible concentration level leading to maximum heat transfer coefficient. The Nusselt number decreases, because of the thickness of the thermal boundary layer and the effect of viscosity of the fluid, in general, if the nanoparticle loading in the base fluid increases, the viscosity value is increased. It is also observed that the temperature rise reduces the kinematic viscosity of the nanofluid; hence the maximum heat transfer enhancement occurred at 75 °C. As shown in Figure 6 , optimum volume concentration is 0.8% which yields maximum increase of the Nusselt number of 12.8, 17. Based on the experimental data the maximum enhancement of the Nusselt number for TiO 2 nanofluids at 0.8 volume fraction and the hot fluid temperature 55 °C is 10.2, 13.1, and 18.8% for the base fluid concentration of 50:50, 40:60 and 30:70 EG:water, respectively, and is shown in Figure 8 .
There is good agreement between the results calculated from these experimental values and the correlation. It was noticed that the calculated Nusselt number falls within ±8 and ±10% deviation when compared with experimental results of ZnO and TiO 2 nanofluids, respectively, which shows the accuracy of the results of the experiment.
CONCLUSION
The present study demonstrated the heat transfer enhancement by using ZnO and TiO 2 nanofluids in a corrugated plate heat exchanger. The effects of nanoparticles volume fraction, hot fluid inlet temperature on heat transfer coefficient in terms of Nusselt number enhancement has been studied in this paper. Experiments were conducted to study the heat transfer performances of ZnO and TiO 2 nanofluids flowing in a PHE. Results were compared with those of the base fluid.
The results showed that the heat transfer performance of nanofluids was better than that of base fluid. The increase in heat transfer coefficient in terms of the Nusselt number may be caused by the increase in thermal conductivity. As volume concentrations increased, the thermal conductivity and viscosity increased. However, as temperature increased, the thermal conductivity increased and viscosity was dim- 
